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Abstract 
Hot deformation process is one of the primary methods to produce anisotropic rare 
earth permanent magnets. Firstly, rapidly quenched powder flakes with nanocrystal 
structure are condensed into the full dense isotropic precursors by hot pressing 
process. And then, the prepared isotropic precursors are hot deformed to produce 
high-anisotropy uniaxial bulk rare earth permanent magnets, in which the highly 
textured structure is obtained in the hot plastic deformation process. The obtained 
hot-deformed magnets possess many advantages, such as near net-shape, outstanding 
corrosion resistance and ultrafine-grain structure. The noteworthy effects of 
preparation parameters employed in hot-pressing and deformation processes on the 
magnetic properties and microstructures characterizations are systemically 
summarized in this academic monograph. As a near net-shape technique, hot 
deformation process has noteworthy advantages in producing irregular shape magnets, 
especially for radially oriented ring-shape magnets with high length-diameter ratio or 
thin wall. The difficulties in producing crack-free, homogeneous and non-decentered 
ring-shaped magnets are basically resolved through mold design, adjustment of 
deformation parameters and application of theoretical simulation. Considering the 
characteristics of hot-deformed magnets, such as the grain shapes and sizes, 
anisotropic distribution of intergranular phases, etc., there is practical significance to 
study and improve the mechanical, electric properties and thermal stability to enlarge 
the applicable area of hot-deformed magnets or ring-shaped magnets. 
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Section 1 Introduction 
In the mid-1980s, R. W. Lee [1] originally reported a method to prepare an 
anisotropic Nd-Fe-B magnet with ultrafine grain size by hot pressing and 
die-upsetting the rapidly quenched Nd-Fe-B alloy at a high temperature. Compared to 
the traditional sintering method, the die-upsetting process can realize a strong 
magnetic anisotropy without applying an external magnetic field, which makes it 
appropriate to produce the ring magnets with radial orientation. The formation of 
texture in this kind of Nd-Fe-B magnet, i.e. hot deformation (HD) magnet, is 
attributed to the anisotropy of the elastic modulus of Nd2Fe14B grains. As shown in 
Fig. 1[2], the elastic modulus along c axis (E ∥) is much smaller than that 
perpendicular to c axis (E⊥). And the difference increases rapidly when the 
temperature is higher than 500 oC. Therefore, the c-axes of Nd2Fe14B grains are 
inclined to parallel to the pressure direction at high temperature. In fact, the detailed 
mechanism of alignment or texture formation is more complicated in a real system. It 
is generally acknowledged that the high anisotropy is attributed to both the rotation 
and the preferred growth of Nd2Fe14B grains under the pressure at high temperature. 
The grains, whose c-axes have smaller angle with the press direction, are easier to 
“devour” the misoriented grains via the “precipitation-growth” or “diffusion slip” 
processes, because the strain energy of the misoriented grains is much higher than that 
of well-aligned grains [3, 4]. The preferred growth and rotation of grains may be 
simultaneous, or more likely, they are dominating in different steps in the texture 
formation process. As a special example, the radial alignment for back extruded ring 
magnet is obtained by the platelet-shaped grains rotation or alignment in the extrusion 
process and the platelet-shaped grains are already formed before extrusion [5]. 
Obviously, rare-earth-rich intergranular phase (liquid phase at high temperature), i.e., 
rare earth content greater than stoichiometric ratio of Nd2Fe14B, is an essential factor 
to obtain the platelet-like shape grains and magnetic anisotropy of the whole magnet. 
Of course, the plastic deformation of the magnet in the die-upsetting process is 
necessary as well. Fig. 2 shows the demagnetization curves of over-stoichiometric 
Nd13.34Fe74.64Co5.5Ga0.42B6.0Nb0.1 and rare-earth-lean Nd7.91Pr2.68Fe84.01B5.39 (at. %) 
hot-pressing (HP) and HD magnets.  
 
Fig. 1. Variations of elastic modulus of Nd2Fe14B along (E//) and perpendicular (E⊥) to 
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c-axis directions and their difference on temperature [2]. 
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Fig. 2. Demagnetization curves of HP and HD of the over-stoichiometric and 
rare-earth-lean magnets. 
 
There are three advantages of hot deformation process concluded by Croat et al. [6]: 
fewer manufacturing steps suitable for a continuous mass production; net shaping or 
near net shaping requiring little or no finish grinding; ideal process for producing 
special shape magnet such as arc or ring shape with radial orientation. Up to now, the 
backward extruded ring magnets with radial orientation have been used in electric 
power steering system and AC servo motor. The HD magnets with an 
ultrafine-grained structure are potential to obtain high coercivity (Hcj), which makes 
them regain much attention. Recently, the researches about hot deformed Nd-Fe-B 
magnets are mainly focused on the preparation technology and microstructure 
optimization to improve magnetic properties, especially coercivity. Besides, the 
stress-induced crystallographic orientation is another critical issue for hot-deformed 
Nd-Fe-B magnets. Besides, hot-pressing and hot deformation processes have 
prominent superiority on producing bulk nanocomposite permanent magnet which is 
once considered to be the candidate of the fourth generation rare earth permanent 
magnets. But the previous researches indicate that texture formation is very difficult 
by hot deformation process for nanocomposite magnets due to the rare-earth-lean 
composition. By infiltrating the eutectic alloys into the grain boundary of 
nanocomposite magnets, the abilities of deformation and texture formation are 
improvemed remarkably. The orientation mechanism of the diffusion-processed 
nanocomposite magnets is also discussed in recent years. 
 
 
Section 2 Effects of preparation parameters on HD magnets 
The preparation process including melt spinning, hot-pressing and hot deformation 
significantly influences the microstructure and magnetic properties of HD magnets. 
As the starting material, the powders crushed from the melt-spun ribbons consist of 
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Demagnetization curves of HD magnets prepared at the HD temperatures of 780 - 
860 °C are shown in Fig. . It can be seen that remanence increases with the HD 
temperature before 840 °C and then decreases with the HD temperature further 
increasing to 860°C. For the magnet deformed at 780 °C, the low remanence is due to 
the stronger deformation resistance and consequent lower orientation. When HD 
temperature increases to 820 - 840 °C, the platelet-shaped Nd2Fe14B grains are 
well-aligned. This is consistent with the superior value of remanence. Coercivity 
decreases monotonically with the increase of HD temperature because of the grain 
growth. Based on the above analysis, the deformation temperature is optimized to be 
820 - 840 °C. The remanence, coercivity and maximum energy product of the HD 
magnet deformed at 840 °C are 13.8 kG, 15.8 kOe and 46.5 MGOe, respectively. Lin 
et al. [16] reported that the abnormal grain growth and Nd-rich phase extrusion occur 
when HD temperature is higher than 850 °C, which leads to the reductions of density 
and remanence. Zhao et al. [17] reported that the effective anisotropy can be obtained 
at the HD temperature of 600 - 900 °C, and the suitable HD temperature is proved to 
be 800 °C in their work. It should be noted that the suitable HD temperature varies 
with different heating methods. The optimum HD temperature of 680 °C has been 
reported by Hu et al. [18] using spark plasma sintering as deformation method. 
 
2.3 Deformation degree 
Hot deformed magnets with the deformation degrees from 30% to 80% are 
produced and their magnetic properties are investigated (Fig. 6a). With the 
deformation degree raised from 30% to 70%, coercivity decreases from 17.3 kOe to 
15.3 kOe while remanence increases from 10.6 kGs to 13.75 kGs. When the 
deformation degree further increases to 80%, coercivity decreases rapidly and 
remanence starts to decline. Maximum energy product presents similar variation to 
remanence and the maximum value is 45.8 MGOe at the deformation degree of 70%. 
The XRD patterns of the HD magnets with the deformation degree of 30, 70 and 80% 
are given in Fig. 6(b). For the 30%-deformation magnet, the intensity of (004), (006) 
and (008) peaks are relatively weak, indicating the inferior texture. When the 
deformation degree is up to 70 - 80%, the intensity of (00l) peaks becomes much 
stronger. The (006) peak shows higher intensity than (105) peak, which demonstrates 
a strong texture in the HD magnet. Because of the enhancement of texture, larger 
remanence and maximum energy product are obtained in the HD magnets with higher 
deformation degree. 
Fig.7Fig.  shows the microstructure of hot deformed magnets with the 
deformation degree of 30, 70, and 80%. In the 30%-deformation magnet, the equiaxed 
grains and the platelet-shaped grains with poor alignment coexist due to insufficient 
deformation degree (Fig. 7a). In the 70%-deformation magnet, fine platelet-shaped 
grains with superior alignment are formed, as shown in Fig.  (7b). When deformation 
degree increases to 80%, platelet-shaped grains still exhibit fine alignment but grain 
size is up to 1 μm in length (Fig. c), resulting in the remarkable reduction of coercivity. 
Based on these experimental results, it is concluded that the best deformation degree 
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height of hot deformed magnets [17, 20]. Strain rate affects the microstructure and 
magnetic properties of hot deformed magnets substantially. Fig. shows the 
dependence of magnetic properties of hot-deformed magnets on strain rate. Coercivity 
increases monotonically with the increment of strain rate. This is ascribed to the finer 
grains at higher deformation speed due to shorter time exposed to high temperature. 
Both remanence and maximum energy product ascend firstly and then descend 
quickly with the rise of strain rate. The best strain rate is proved to be 25 × 10-3/s. 
Higher strain rate leads to less deformation of grains and inferior texture. Zhao et al. 
[17] reported that the maximum energy product and remanence are obtained at the 
strain rate of 10-2 s-1. This suggests that lower strain rate brings about longer 
deformation time and results in lower coercivity for grain coarsening. In fact, too slow 
deformation also causes the reduction of remanence because the non-aligned coarse 
grains prevent the formation of c-axis texture originating from fine grains. 
 
Fig. 8. Magnetic properties of hot deformed magnets prepared with different strain 
rates. 
 
2.5 The inhomogeneity of microstructure in HD magnet 
Coarse grain region and fine equiaxed grain region can be found in hot deformed 
magnets as shown in Fig. 9 (a) and (b). Both of them grow rapidly with the ascending 
of deformation temperature [16] and deformation degree [21]. The two kinds of grains 
are disadvantageous to magnetic properties. Especially, the coarse grains can lower 
remanence. The coarse grain regions contain higher Nd content and mainly form at 
the ribbon boundaries with quasi-periodic distribution. Li et al. [12] reported that the 
growth of coarse grains initiates in HP precursor at high hot compaction temperature 
and propagates during the subsequent hot deformation. Lai et al. [22] reported that 
coarse grain region is correlated to the incomplete contact interfaces of neighboring 
ribbons. Under high temperature and stress, Nd-rich phase is squeezed into the 
interspaces of neighbor ribbons and stress concentration exists in the contacted points. 
Because of the fluidity of Nd-rich phases and the release of interfacial energy, the 
non-aligned coarse grain regions form both in HP and HD process. 
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mechanism of Nd-Fe-B magnets. 
3.1 Coercivity mechanism of HD Nd-Fe-B magnets 
Generally, there are two dominant coercivity mechanisms of Nd-Fe-B magnets: 
nucleation and domain wall pinning mechanisms. However, there is no final decision 
about the controversy between the two mechanisms to conclude which one is indeed 
suitable. In hot-deformed Nd-Fe-B magnets, a strong domain wall pinning is 
considered to be the primary coercivity mechanism [36, 37]. Theoretically, the 
strength of domain wall pinning force at grain boundaries determines the coercivity 
values. The initial magnetization curves are often adopted to discuss the 
magnetization behavior and coercivity mechanism. An S-shaped profile of the initial 
magnetization which indicates the existence of complicity in coercivity mechanism is 
obtained in HD magnets. 
The first step shows high reversal susceptibility and relatively easy magnetization. 
It indicates that reversal domain wall motion dominate the magnetization behavior. In 
the second step, domain wall pinning at grain boundaries is dominant. The two steps 
S-shaped magnetization curve shows an inhomogeneous domain wall pinning 
mechanism in HD Nd-Fe-B magnets. In addition, Volkov et al. [37] investigated the 
magnetic domain walls structures in hot-deformed Nd-Fe-B magnets and discussed 
the domain wall pinning at grain boundaries and inhomogeneous microstructures in 
detail. The inhomogeneous microstructures which are grain boundary phases and 
different types of defects on grain surfaces would result in the inhomogeneous domain 
wall pinning. An inhomogeneous domain wall pinning mechanism is relatively 
appropriate to describe the dominant coercivity mechanism in HD Nd-Fe-B magnets. 
However, a nucleated micromagnetic model (Hc(T)= αHA(T)-NeffMs(T)) is always 
applied to analyze the coercivity mechanism in HD Nd-Fe-B magnets. A linear 
relationship of Hc(T)/Ms(T) vs. HA(T)/Ms(T) is obtained so that the coercivity 
mechanism of hot-deformed magnets seems to be close to the nucleation mechanism 
as well.  
The enhancement of coercivity has been the primary challenges for researchers. In 
Nd-Fe-B magnets, it has reported that the coercivity will increase along with the 
decrease of grain sizes. According to the S-W model, the maximum coercivity could 
be obtained as soon as the grain sizes are single domain sizes and coherent rotation of 
the magnetic moments is perfectly achieved. Due to its nanoscrystalline grains, it is 
potential to obtain high coercivity for HD Nd-Fe-B magnets. However, the coercivity 
of HD Nd-Fe-B magnets is far less than the theoretical value even though the grain 
sizes are so-called nanoscale. This may be caused by the disadvantages which limits 
the enhancement of coercivity for hot-deformed Nd-Fe-B magnets, such as 
ferromagnetic intergranular phases, platelet shaped grains and surface defects et al. 
Reversal domains would be nucleated at ferromagnetic intergranular phases and 
grains’ surface defects followed by propagating into Nd2Fe14B grains. Besides, the 
platelet-shaped grains may also be the primary explanation for the relatively low 
coercivity which would largely increase the effective demagnetization factor, Neff. 
3.2 Coercivity enhancement of hot-deformed Nd-Fe-B magnets 
Although these disadvantages could not be avoided in HD Nd-Fe-B magnets, many 
13 
 
efforts have been made to increase the coercivity and the coercivity enhancement 
mechanism is also discussed. 
Additions of some elements are beneficial for enhancement of coercivity in HD 
Nd-Fe-B magnets [31, 38-39]. It is commonly assumed that the enhancement of 
coercivity is contributed to modification of the grain-boundary phases by element 
additions. Besides, microstructure optimization and enhancement of 
magnetocrystalline anisotropy are both beneficial for increase of coercivity. Due to 
the resistance to oxide and convenient operation, rare earth fluorides have been 
utilized to produce 45EH and 50UH grade sintered-Nd-Fe-B magnets in practical 
production. In HD Nd-Fe-B magnets, the rare earth fluorides are also introduced to 
prepare high coercivity magnets. Xu Tang et al. [40] and Sawatzki et al. [41] have 
independently reported DyF3 compounds to produce the hot compact precursors 
followed by hot-deformation. The substitution of Dy for part Nd which results in the 
formation of (Nd, Dy)2Fe14B is considered to be the main reason for the enhancement 
of coercivity. However, the existence of a mass of DyFe3 compounds in the diffusion 
regions between adjacent ribbons leads to large wastages of rare earth resources and 
decrease in remanence. Moreover, the crisis of heavy rare earth (HRE) pushes 
researchers to search more effective way to increase coercivity without or with a little 
usage of HRE. Microstructure optimization could be more worthy way to increase 
coercivity. In recent work, Zheng et al. [42] found that the coercivity can be increased 
from15.6 to 17.75 kOe by introducing high melting WC alloy to inhibit the growth of 
coarse grains. Fig. shows the SEM-BSE images of the HD samples without and with 
WC addition. It can be seen from Fig.   14(d) that the coarse grains are refined by the 
addition of WC compounds compared to the initial hot-deformed Nd-Fe-B magnets as 
shown in Fig.14(c). The inhibition of coarse grains growth may open a brand new 
door to develop high coercivity Nd-Fe-B magnets. 
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Nd62Dy20Al18 alloys as a diffusate. In this study, both the core-shell structure with 
high magnetocrystalline anisotropy and magnetic isolation decoupled by nonmagnetic 
intergranular phases result in the large enhancement of coercivity with just a little 
decrease of remanence. Recently, Wang et al. [54] developed a route to obtain 
excellent comprehensive magnetic properties of HD Nd-Fe-B magnets by Dy-Cu 
press injection and subsequent annealing. The demagnetization curves and magnetic 
properties of the hot-deformed and Dy-Cu press injected magnets in different stages 
of the procedures are shown in Fig. . High performance can be achieved by optimized 
annealing while the near-surface microstructure is remarkably improved and 
core-shell structure is formed by Dy-Cu press injection.  
 
Fig. 17. (a) Demagnetization curves of the hot-deformed and Dy-Cu press injected 
magnets, (b) Magnetic properties of the hot-deformed and Dy-Cu press injected 
magnets in different stages of the procedures: initial state, S-step and D-step annealed 
states [54]. 
 
3.3 Discussion about coercivity enhancement of HD Nd-Fe-B magnets 
Based on the discussion above, the coercivity is closely related with facet defects of 
grains and magnetism of intergranular phases. High coercivity could be obtained by 
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potentially high energy products. Predication implies that the exchange interaction 
between “soft-hard” magnetic phases can perform well if the “soft-magnetic” phase is 
thinner than the domain wall thickness, only 3.9 nm for Nd2Fe14B system. The 
magnetostatic interaction is demonstrated to relax the strict requirements for the size 
of the “soft-magnetic” inclusions. To date, numerous “soft-hard” composite systems 
have been investigated. Current the bonded Nd-Fe-B nanocomposite magnets 
fabricated by Nd-Fe-B/α-Fe magnetic powders have been widely used. However, the 
isotropic magnetic characterization and high concentration of nonmagnetic resin 
adhesive largely deteriorate the magnetic performance. The obtained maximum 
energy product (BH)max of the isotropic powders lower than 16 MGOe. Hence, how to 
fabricate high-anisotropy nanocomposite magnets has become a significant issue for 
the industry and academia [57].  
The hot-pressed/hot-deformed technique has become an important branching for 
preparing fully dense anisotropic nanocrystalline magnets. Generally, we can obtain 
anisotropy hot-deformed Nd-Fe-B composite magnets by different pathways. The 
nanocomposite Nd-Fe-B magnets were prepared with isotropic Nd-lean magnetic 
powders. Compared with the Nd-rich magnetic powders, the Nd-lean magnetic 
powders give rise to the degradation of deformability for the bulks. It is difficult to 
realize stress-induced crystallographic orientation in single nanocomposite Nd-Fe-B 
magnets. Subsequently, the co-doping technique has been widely used to improve the 
deformability of nanocompsite magnets, such as Nd-rich/Nd-lean [58, 59], 
Nd-rich/Fe(Co) systems [60]. As low-melting RE-rich intergranular phase plays an 
essential role in the stress-induced solution-precipitation creep process [61-63], 
RE-rich eutectic can be diffused into the grain boundaries to facilitate the formation of 
highly textured structure.  
 
4.1. Nanocompsite magnets prepared by Nd-lean powders 
 
Fig.21. Demagnetization curves of rare-earth-lean Nd-Fe-B nanocomposite magnets 
parallel and perpendicular to easy-magnetization direction [64]. 
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phenomenon that no tangential cracks existed at the middle or bottom region of RM 
(Fig.36). To reveal the reason, they carried out a backward extrusion over three 
packed samples (Fig. 37). The interface between the middle and bottom samples 
exhibits little change (Fig. 38(a)), which indicates that no material flow took place in 
the bottom sample. In other words, material flow only takes place at a limited depth 
below the punch during backward extrusion. The top and middle samples show 
strange shape and the interface between them are special (Figure 38(b)). Most of the 
top sample was extruded into ring magnet. But the bottom region of top sample 
exhibits a convex edge. Although it remains part of the top sample at this stage, it 
would contribute mainly to the ring part of the middle sample. The top surface of 
middle sample is concave-shaped, indicating the outward flow of Nd-Fe-B from the 
center to form ring magnet. The convex bottom of top sample should be ascribed to 
the slower material flow in this region due to the friction at the end surface of punch. 
Furthermore investigation reveals that the arc-shaped zone I (Fig. 39), which contacts 
with the punch, plays the key role in the elimination of tangential cracks. Guruswamy 
et al. [91] had testified the existence of Zone I and Zone II by using finite element 
analysis. Yin et al. [78] confirmed that the difference in texture was resulted from that 
in the flowing path. Moreover, different shapes of punches were redesigned and used 
for preparation of RM (Fig.40). The result shows that the half-spherical shape is the 
best one and could eliminate effectively the cracks at the top region of RM. 
 
 
Fig. 35. Tangential cracks at the top region of ring magnet. 
 
 
Fig. 36. Image on the vertical section of the backward-extruded ring magnet. 
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Fig. 40. Images of the different shapes of punches and the ring magnet prepared with 
them: (a) half-spherical-endpunch; (b) arc-shaped-end punch; (c) beveling cylinder; (d) 
cylinder. 
 
 
Section 6: The physical properties of HD Nd-Fe-B magnets 
6.1 Mechanical properties of HD Nd-Fe-B magnet 
Sintered Nd-Fe-B magnet was reported to show the initial worse fracture toughness 
than metals [92]. Its fracture toughness (KIC) is about 1-2 magnitudes lower than 
metals [93-94]. This fragile characteristic shorts the life of device and is not good for 
machinery. HD Nd-Fe-B magnet has the characteristics of both laminated structure 
consisted of Nd2Fe14B platelets and anisotropic grain boundary (GB) (Fig.41 and 42). 
This structure, which is different from that of a traditional sintered Nd-Fe-B magnet, 
could lead to worse mechanical properties for HD magnet. Jin et al. [95] studied the 
mechanical properties of HD Nd-Fe-B magnet, revealing a significant anisotropy of 
mechanical properties (Fig.43). The compression strength, bending strength and 
fracture toughness along the direction vertical to Nd2Fe14B platelets are all higher than 
that parallel to the platelets. The mechanism for this phenomenon can be explained by 
the laminated structure of Nd2Fe14B platelets (Fig.44). For HD Nd-Fe-B magnet, the 
fracture toughness is considered to be the quite important parameter in motor 
application and machinery. The toughness (KIC) along the direction vertical to 
Nd2Fe14B platelets is 7.42 MPa.m1/2 while that parallel to the platelets is just 1.62 
MPa.m1/2 (Table 1). In fact, the worse abilities in machinery or application for HD 
magnets are derived from the worse mechanical properties along the direction parallel 
to the platelets. Therefore, it is important to raise the toughness parallel to the platelets 
and/or eliminate the anisotropy of toughness. 
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In addition, other preparation parameters have been optimized for better 
mechanical performance. Yi et al. [17] improved the bending strength of HD magnet 
by addition of Cu powder. Ju et al. [106] tested the bending strength and toughness 
for HD magnet with different Nd content, and found that the bending strength 
perpendicular to Nd2Fe14B platelets increases with the increment of RE content while 
that parallel to Nd2Fe14B platelets exhibits decreasing trend. Lin et al. [16] revealed 
the coarse grains could deteriorate both the compressing strength and bending 
strength of HD magnet. This result is consisting with the report that ultrafine grain is 
good for impact toughness and bending strength [107]. Hu et al. [108-109] studied the 
mechanical performance over the HD magnet with different deformation rates. It was 
found that both Vickers hardness and fracture toughness reached the maximum value 
at the deformation rate of 40%. Hu et al. [110] has also optimized the HD temperature 
for the Rockwell hardness and fracture toughness. Recently, Zheng et al. [111] found 
that the cracks of hot-deformed Nd-Fe-B magnets are located in the ribbons 
boundaries comprise of non-oriented coarse grains. By suppressing the interfacial 
coarse grains, the mechanical properties can be effectively improved. This can be 
ascribed to the refined grain size and reduced stress concentration. 
6.2 Electric properties of HD Nd-Fe-B magnet 
Nd-Fe-B magnet could be assembled in the rotators of brushless motors to get large 
torque and high efficiency. Nevertheless, Nd-Fe-B magnet is a good conductor and 
will bring about obvious eddy current loss during rotation in alternating 
electromagnetic field. The eddy current causes the increase in operating temperature 
of magnet which reduces the remanence and torque. Therefore, it is favorable to 
improvement of the magnet stability by suppress the temperature increase in 
application process. 
One commonly-used solution is to raise the electric resistivity of Nd-Fe-B magnet. 
Since the grain boundary shows much lower resistivity than Nd2Fe14B phase, it is 
critical to raise the resistivity of grain boundary. For this sake, Marinescu et al. [112] 
has introduced fluoride including NdF3, DyF3 and CaF2. The results show that the 
CaF2 is the most stable addition after hot deformation and brings about the highest 
resistivity for Pr-Fe-B HD magnet. Furthermore, the coercivity of HD magnet is 
nearly not decreased. Zheng et al. [113-114] introduced Al2O3 and SiO2 nanoparticles 
into Nd-Fe-B HD magnet. Both Al2O3 and SiO2 nanoparticles could raise the 
resistivity, but remanence and coercivity decreased significantly. The deterioration of 
magnetic performance was due to the introduction of oxygen element and the atom 
diffusion at HD process. After that, Zheng [115, 116] has prepared Nd-Fe-B/CaF2 
composite magnet and investigated the effect of CaF2 addition on the properties of 
HD Nd-Fe-B magnet. Interestingly, CaF2 could transform from discontinuous blocks 
to continuous laminated structure in the composite magnets when the mixtures were 
blended in ethanol (Fig. 46). Resistivity of the composite magnet was raised with the 
increment of CaF2 amount and reached a maximum value of 1280 μΩcm when the 
content of CaF2 reached 20 vol.%. But the maximum energy product declined to 
certain level. 
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